clinical studies have demonstrated that IL-1β contributes to the risk of atherosclerosis and cardiovascular events. 4 Thus, IL-1β has also emerged as a promising therapeutic target, for example, in the CANTOS (Canakinumab Anti-Inflammatory Thrombosis Outcome Study), that uses a neutralizing monoclonal anti-IL-1β antibody to reduce the risk of recurrent cardiovascular events. 3, 5 Interleukin-1 receptor antagonist (IL-1RA) counter-regulates IL-1β as an endogenous inhibitor in vivo by blocking the binding site for IL-1β at the IL-1 receptor I. 2 IL-1β induces the production of IL-1RA to contain immune activation, and the balance between IL-1RA and IL-1β has been implicated as an important control mechanism to prevent inflammationrelated tissue damage and reduce cardiometabolic risk. 5, 6 The investigation of IL-1β as a potential biomarker for the prediction of CVD in the general population is complicated by the extremely low systemic levels of this cytokine that preclude reliable quantification. 7 In contrast, circulating levels of IL-1RA are measurable with great precision. 7, 8 Systemic IL-1RA levels are elevated in individuals with cardiometabolic risk factors, such as obesity, insulin resistance, and type 2 diabetes mellitus, [9] [10] [11] [12] and have been interpreted to reflect higher IL-1β activity in these individuals. 10 There is preliminary evidence from 2 population-based cohorts using multimarker approaches that higher IL-1RA levels may also be associated with higher risk of CVD, whereas 2 others failed to observe such an association. 13, 14 Therefore, it is not clear yet whether circulating IL-1RA is associated with CVD risk independent of established cardiovascular risk factors, whether IL-1RA could be used as a novel biomarker to improve the prediction of CVD, and what the underlying mechanisms are that mediate the upregulation of IL-1RA in the context of cardiometabolic risk.
This study aims (1) to identify population-based studies on circulating IL-1RA and incident CVD by a systematic literature search, (2) to quantify the association between IL-1RA and incident CVD in a meta-analysis, and (3) to identify other inflammation-related biomarkers, which could partially explain this association based on data from the MONICA (Multinational Monitoring of Trends and Determinants in Cardiovascular Disease)/KORA (Cooperative Health Research in the Region of Augsburg) Augsburg case-cohort study.
Materials and Methods
The study is based on data from the MONICA/KORA Augsburg casecohort study and on additional population-based cohort studies identified in a systematic review. The primary outcome was defined as incident CVD (fatal and nonfatal myocardial infarction, sudden death, cardiovascular mortality; however, studies with combined end points, including unstable angina, coronary revascularization, or ischemic stroke, were also eligible). For the meta-analysis, we used inversevariance fixed effect and DerSimonian-Laird random effects modeling based on study-level data; the DerSimonian-Laird estimator was used to test for heterogeneity. We visually inspected the funnel plot and performed Egger's regression test of funnel plot asymmetry to check for possible publication bias. For all analyses, a P value <0.05 was considered to be statistically significant. Materials and Methods are available in more details in the online-only Data Supplement.
Results

Meta-Analysis of the Association Between IL-1RA and Incident CVD
The literature search for the systematic review using MEDLINE and Embase identified 4202 publications after removal of duplicates ( Figure 1 ). We assessed 21 full-text articles for eligibility and excluded 16 articles because no IL-1RA data were reported and 3 articles [15] [16] [17] because the study samples were not population based. The 2 publications that were eligible 13, 14 contained data from 3 cohort studies, the FINRISK 1997, the Belfast PRIME (Prospective Epidemiological Study of Myocardial Infarction) Men, and the Rotterdam studies. We contacted the authors of both publications 13, 14 to adapt the selection of confounding variables to the MONICA/KORA analysis, to reanalyze data based on extended follow-up times, if possible, and to obtain additional unpublished data that fulfilled our inclusion criteria. Through this contact, we identified the Finnish HEALTH 2000 and FINRISK 2007 surveys (data unpublished) as additional eligible studies for the meta-analysis. Therefore, the meta-analysis included the MONICA/KORA Augsburg study data (see Figure I in the online-only Data Supplement for study design, Table I in the online-only Data Supplement for baseline characteristics, and Table II and Figure II in the online-only Data Supplement for associations between IL-1RA and CVD risk), data from the 3 cohort studies identified through the systematic review (FINRISK 1997, Belfast PRIME Men cohort, Rotterdam Study; updated analyses replaced the data published previously 13, 14 ), and novel unpublished data from a further 2 studies identified through personal contact as result of the systematic review (HEALTH 2000 and FINRISK 2007; Figure 1 ).
Material and Methods and Table III in the online-only Data Supplement provide an overview of all 6 study cohorts, including information on sample sizes, end point definitions, follow-up times, and standardized hazard ratios (HRs), for the association between IL-1RA and incident CVD that were used for the meta-analysis. Numbers of cases ranged between 65 and 803 per study, while total sample sizes were between 839 and 6393. Follow-up times ranged from 4.9 to 16.0 years. Standardized HRs were between 1.057 and 1.165 based on the same adjustment strategy for multiple confounders (Table III in the online-only Data Supplement) and showed significantly increased risk of CVD in 3 cohorts.
The meta-analyzed estimate is based on a total of 1855 cases and 18 745 noncases. The pooled standardized and adjusted HR Figure 2 ). There was no evidence for heterogeneity with I 2 (percentage of variance attributable to study heterogeneity) of 0% (95% CI, 0%-0%; P=0.88). Egger's linear regression test for publication bias yielded no evidence of funnel plot asymmetry (P=0.67; Figure III in the online-only Data Supplement).
No Improvement of CVD Risk Models by IL-1RA
Clinical risk models based on the covariates listed in Table  III in the online-only Data Supplement for each study yielded areas under the receiver-operating characteristic curve (AUC) between 0.6760 and 0.8639 (Table) . When IL-1RA levels were added to the respective risk models, the AUC values were not significantly improved, with differences in AUC between 0.0005 and 0.0049 across the 6 cohorts.
Impact of Inflammation on the Association Between IL-1RA and CVD Risk
We used a panel of 15 additional biomarkers of subclinical inflammation in the MONICA/KORA case-cohort study to test the hypothesis that the association between IL-1RA and incident CVD may be partially explained by these biomarkers. In models that were adjusted for all aforementioned covariates (model 2) and one of each of these biomarkers, the attenuation of excess risk by IL-1RA was >10% after additional adjustment for high-sensitivity C-reactive protein, IL-6, myeloperoxidase, soluble intercellular adhesion molecule-1, or soluble (s)E-selectin, whereas the HRs based on the additional adjustment for the other biomarkers were rather similar to the HRs in model 2 ( Figure 3 ).
Discussion
This study has 3 main findings: (1) CVD risk increased by 11% per 1-SD increase in serum IL-1RA based on data from >20 000 study participants from 6 population-based cohort studies; (2) this increased CVD risk did not translate into an improved risk prediction over and above classical risk factors as assessed by AUC; and (3) the association between IL-1RA and CVD risk was partially explained by biomarkers of subclinical inflammation, oxidative stress, and cell adhesion.
This study advances our knowledge because the combination of 3 previously published studies (FINRISK 1997, Belfast PRIME Men cohort, and Rotterdam Study) 13, 14 and novel data from the MONICA/KORA, FINRISK 2007, and HEALTH 2000 cohorts allowed the assessment of CVD risk based on circulating IL-1RA concentrations in 1855 cases within a total sample of 20 600 individuals. Our meta-analysis yielded a pooled HR of 1.11 (95% CI, 1.06-1.17) based on 6 studies that used the same adjustment strategy for the main cardiovascular risk factors (ie, age, sex, body mass index, blood pressure, total and high-density lipoprotein cholesterol levels, smoking, and prevalent diabetes mellitus). Thus, the effect size was similar to the standardized HR that has been reported for the association between lipoprotein-associated phospholipase A2 and incident CVD, 18 but slightly lower than that for total cholesterol or triglycerides and CVD risk. We identified 3 further relevant studies in our systematic review that we had to exclude because the samples were not population based. The first study was a nested case-control study for 42 candidate biomarkers in individuals with type 2 diabetes mellitus. 16 The sample comprised 1123 cases with incident CVD and 1187 controls from 5 European centers and revealed an odds ratio of 1.13 (95% CI, 1.02-1.25) per SD of IL-1RA. 16 The second study reported a standardized HR (95% CI) of 1.14 (1.03-1.27) for incident myocardial infarction in 3199 study participants with a history of coronary artery disease. 17 The third study investigated 73 consecutive patients undergoing percutaneous coronary intervention. 15 After 18 months of follow-up, IL-1RA levels in the highest quarter were associated with a higher risk of major adverse cardiac events compared with IL-1RA levels in the lowest quarter (19% versus 0%; adjusted P=0.032). Taken together, the 3 studies suggest that the positive association between IL-1RA and CVD risk may be similar in the general population compared with that in patients with type 2 diabetes mellitus or preexisting CVD.
The main finding from this meta-analysis also extends observations from the Interleukin-1 Genetics Consortium that investigated the association between gene variants upstream of IL1RN, the gene encoding IL-1RA, and coronary heart disease. 20 That study found that each minor allele in a gene score comprising 2 common IL1RN gene variants was associated with an increase in circulating IL-1RA of 0.22 SD and with an odds ratio (95% CI) for coronary heart disease of 1.03 (1.02-1.04). Therefore, the odds ratio per 1 SD of genetically upregulated IL-1RA can be calculated as 1.14 (95% CI, 1.09-1.18), which is similar to our pooled estimate.
Despite the agreement of this meta-analysis of prospective, population-based studies, the nested case-control study in individuals with type 2 diabetes mellitus, and the aforementioned genetic data regarding the effect size, the interpretation of the positive association between circulating IL-1RA and incident CVD is less straightforward. 21 First, higher IL-1RA levels in the circulation could have direct detrimental effects and contribute causally to the development of atherosclerosis and CVD. Alternatively, higher IL-1RA levels could reflect a response to proatherogenic processes mediated by IL-1β and other proinflammatory biomarkers and, therefore, serve as an indirect indicator of cardiovascular risk.
The first explanation is mainly supported by the aforementioned genetic study, 20 but it is currently not possible to rule out pleiotropic effects of these IL-1RN gene variants on other phenotypes beyond IL-1RA levels that might be responsible for the positive association. The same study also demonstrated increased serum lipid levels (LDL and total cholesterol and triglycerides) associated with the IL-1RA-raising alleles, which could explain 20% to 40% of the excess cardiovascular risk. Importantly, all cohorts that were meta-analyzed in our study adjusted for cholesterol levels, so that the pooled effect estimate was corrected for this potential mediator.
The second explanation that sees IL-1RA as response to proinflammatory triggers is supported by the observation that IL-1RA has no agonist activity on its own and does not induce IL-1 receptor I-mediated signaling in humans at levels that Data are given as AUC for clinical risk models (see Table IV Model 1+body mass index (BMI), systolic blood pressure, total/ high-density lipoprotein (HDL) cholesterol, smoking, alcohol consumption, physical activity, parental history of coronary heart disease (CHD), prevalent diabetes mellitus. Model 2+biomarker: We added in separate models as 1 covariate at a time the concentration of one of the following circulating biomarkers to the aforementioned model 2: high-sensitivity C-reactive protein (hsCRP) (log), interleukin (IL)-6 (log), IL-18 (log), macrophage migration inhibitory factor (MIF) (log), leptin (log), transforming growth factor (TGF)-β1, adiponectin (log), monocyte chemotactic protein 1 (MCP1/CCL2), IL-8/CXCL8 (log), interferon-γ-inducible protein (IP-10/CXCL10) (log), regulated on activation, normal T cell expressed and secreted (RANTES/CCL5) (log), soluble intercellular adhesion molecule (sICAM)-1 (log), soluble (s)E-selectin (log), myeloperoxidase (MPO) (log) and oxidized LDL cholesterol are 1 000 000-fold greater than those of IL-1α or IL-1β. 2 In addition, experimental studies have demonstrated that IL-1RA deficiency fueled arterial inflammation and atherosclerosis, [22] [23] [24] whereas IL-1RA treatment was atheroprotective. 25, 26 It is possible that IL-1RA is directly upregulated by the same proinflammatory stimuli that increase the expression of IL-1α, IL-1β, and other proteins that have been characterized as risk indicators or risk factors of CVD (eg, high-sensitivity C-reactive protein, IL-6, myeloperoxidase, soluble intercellular adhesion molecule-1, and soluble (s)E-selectin [27] [28] [29] [30] [31] ). In addition (and not mutually exclusive), IL-1RA could also be upregulated in response to these aforementioned proteins. Thus, the positive association between circulating IL-1RA levels and risk of CVD would at least partially be based on the coordinated regulatory control of atherogenic immune mediators and IL-1RA as an anti-inflammatory protein. The interpretation of the physiological upregulation of IL-1RA to antagonize proinflammatory stimuli would be facilitated by the ability to precisely measure levels of IL-1 cytokines concomitantly with IL-1RA levels in the circulation or preferably at the sites of atheroma formation. Ultimately, stronger evidence favoring either a direct atherogenic or indirect proinflammatory pathway will emerge from population studies that have repeated measures of these biomarkers with long-term follow-up and a more sophisticated approach to mediation analysis. 32 Our study indicates that the addition of IL-1RA to CVD risk scores consisting of established cardiovascular risk factors failed to improve their accuracy as assessed by the comparison of the respective AUC. It is well known that the AUC of good clinical risk scores can only be increased by a fairly small degree by single biomarkers, 18, 33 which is in line with our observation that the increase in AUC, albeit not statistically significant, was largest for the risk scores with the lowest baseline AUC. However, this meta-analysis points toward the role of inflammatory processes in the pathogenesis of CVD and does not preclude a therapeutic value of IL-1 inhibition that can only be assessed with confidence in large randomized controlled trials. The large CANTOS trial will be able to answer the question of whether selective targeting of IL-1β can prevent recurrent major cardiovascular events in patients with stable coronary artery disease and a systemic proinflammatory state. 5 Our study has several strengths. The large sample size and the absence of heterogeneity between studies allowed us to precisely quantify the association between circulating IL-1RA and CVD risk. The comparable level of adjustment for important confounders helped us to obtain an effect estimate that was not affected by established cardiovascular risk factors, although residual or unmeasured confounding cannot be ruled out. Nevertheless, our meta-analytic approach counters the common criticism of effect size inflation and vibration commonly levied against single studies of biomarkers. 34 The availability of additional 15 biomarkers of inflammation in MONICA/KORA enabled the identification of proinflammatory biomarkers that partially explain the excess cardiovascular risk linked to IL-1RA. Finally, our meta-analysis included both published and previously unpublished data.
Our study has several limitations that should be considered. As our systematic review identified only cohorts from Europe, the results of our meta-analysis are not generalizable to populations with other ethnic backgrounds. We cannot exclude that we may have missed studies because of language restrictions (English, German, Dutch, and French) in our literature search. The difficulty in reliably measuring systemic levels of IL-1α and IL-1β means that we were unable to assess the balance of IL-1 cytokines and IL-1RA as potential risk factors for CVD. In addition, we did not have data on cell surface or circulating levels of the decoy receptor IL-1 receptor II or the IL-1 receptor accessory protein, 2 further members of the IL-1 cytokine and receptor family that downregulate IL-1 activity. Finally, CVD outcome definitions were not identical across studies as outlined in the Materials and Methods section. However, this did not lead to heterogeneity in effect estimates.
We conclude that higher serum levels of IL-1RA are positively associated with incident CVD in the general population. Our findings are in line with the hypothesis that the upregulation of circulating IL-1RA before an incident CVD event may at least partially reflect a response to proinflammatory triggers that also induce subclinical inflammation, oxidative stress, and endothelial activation. The potential clinical relevance of targeting IL-1 cytokines to reduce the risk of CVD is currently being tested in a large randomized clinical trial (CANTOS).
